Introduction
Measurements of CP asymmetries in neutral B mesons probe the interference of the mixing and decay Feynman diagrams. The CP asymmetry as a function of time can be described as
where
In the above equation, f represents the final state, A f the B s,d decay amplitude, and A f the B s,d decay amplitude. In the Standard Model (SM), the weak phase from B 0 s -B 0 s mixing is given by φ ccs s ≈ −2β s = 2arg(−V ts V * tb /V cs V * cb ). The SM prediction for φ ccs s has been obtained from global fits to experimental data yielding a value of −0.0360 ± 0.0006 rad [1] . There are however beyond-the-SM theories that could provide additional contributions to B 0 s mixing diagrams which alter this value [2, 3] . In addition to decays with a tree-level contribution, measurements of decays in which the leading order contribution is a flavour changing neutral current (FCNC) Nikhef National Institute for Subatomic Physics Amsterdam, Netherlands, e-mail: sean.benson@cern.ch 2 Sean Benson on behalf of the LHCb, BaBar, and Belle collaborations interaction are important in the search for physics beyond the SM. The CP-violating phase measured in the B 0 s → φφ decay results from b → sss transitions and is therefore expected to be close to zero in the SM due to the effective cancellation of the CP-violating weak phase between the B 0 s mixing diagrams and the penguin decay diagrams [5, 6] . The B 0 s → K * 0 K * 0 (892) decay is an example of a b → dds transition and the associated CP-violating phase is expected to be zero for similar reasons as the B 0 s → φφ decay. Time-dependent CP violation measurements in the B 0 system are mainly performed using b-factory data. The high flavour tagging efficiency of the b-factories makes many analyses of decay channels with event yields of as little as a hundred events possible. For time-dependent analyses in the B 0 system at the b-factories, the decay time difference with respect to the other B 0 decay produced in the event is measured and denoted as ∆t. The time-dependent decay rate is then of the form P(∆t) = e − |∆t |/τ B 0
where q is the B 0 meson flavour, S and A are the S f and C f parameters in eq. 1, respectively. Time-dependent analyses in the B 0 system are sensitive to the CKM angle β ≡ φ 1 , the current central value of sin(2β) is −0.699 ± 0.017 [4] . Measurements of sin(2β) result in an ambiguity in the sign of cos(2β).
The following sections summarise updated and most accurate measurements of the CP-violating weak phases in b → ccs and b → sss transitions [9, 10, 11] , in addition to a first measurement of the weak phase in b → dds transitions from LHCb data [11] . Decay time dependent measurements of B 0 → π 0 π 0 K 0 S and B 0 → K 0 S ηγ decays are presented using Belle data [12, 13] , along with a new measurement of cos(2β) using a combination of BaBar and Belle data that provides first evidence that cos(2β) > 0 [14] .
2 Time-dependent CP violation in B 0 s decays
The B 0 s → J/ψ K + K − decay requires the use of decay angles in the helicity basis to disentangle the four polarisation amplitudes contributing to the decay (3 P-wave and an S-wave). The four observables are shown in Figure 1 .
A good understanding of the efficiencies as a function of each observable is important in keeping measurements dominated by statistical uncertainties. The measurement uses 95690 candidates obtained from 3 fb −1 of LHCb data collected in 2011 and 2012 [9] . The decay gives access to the B 0 s -B 0 s oscillation frequency, ∆m s , the decay width and decay width difference, s ! J/ K + K decays (data points) with the one-dimensional fit projections overlaid. The solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.
The e↵ect due to the b-hadron background contributions is evaluated by varying the proportion of simulated background events included in the fit by one standard deviation of their measured fractions. In addition, a further systematic uncertainty is assigned as the di↵erence between the results of the fit to weighted or non-weighted data.
A small fraction of B 0 The decay angle resolution is found to be of the order of 20 mrad in simulated events. The result of pseudoexperiments shows that ignoring this e↵ect in the fit only leads to small biases in the polarisation amplitudes, which are assigned as systematic uncertainties.
The angular e ciency correction is determined from simulated signal events weighted as in Ref. [6] such that the kinematic distributions of the final state particles match those 5 Fig. 1 Decay-time and helicity-angle distributions for B 0 s → J/ψ K + K − decays (data points) with the one-dimensional fit projections overlaid. The solid blue line shows the total signal contribution, which is composed of CP-even (long-dashed red), CP-odd (short-dashed green) and S-wave (dotted-dashed purple) contributions [9] . the measurement are provided in Table 1 . Results are consistent with SM predictions and result in stringent constraints on physics beyond the SM [15] . 
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Figure 5: One-dimensional projections of the B 0 s ! fit for (top-left) decay time with binned acceptance, (top-right) helicity angle and (bottom-left and bottom-right) cosine of the helicity angles ✓1 and ✓2. The background-subtracted data are marked as black points, while the blue solid lines represent the projections of the best fit. The CP -even P -wave, the CP -odd P -wave and S-wave combined with double S-wave components are shown by the red long dashed, green short dashed and purple dot-dashed lines, respectively. Fitted components are plotted taking in to account e ciencies in the time and angular observables. s → φφ decays (data points) with the onedimensional fit projections overlaid. The solid blue line shows the total signal contribution, which is composed of CP-even (long-dashed red), CP-odd (short-dashed green) and S-wave (dotted-dashed purple) contributions [10] .
from the best known values of ∆m s , Γ s , and ∆Γ s . The four observables describing the decay are shown in Figure 2 along with the corresponding fit projections. Numerical results for the polarisation amplitudes, | A 0 | 2 and | A ⊥ | 2 , are given in Table 2 , along with the CP-violating parameters, φ sss s and |λ|. Results are consistent with CP conservation and consequently SM predictions.
The
A further example of a decay channel that requires an angular analysis is given by the B 0
The decay mode is further complicated by the many contributions to the Kπ mass spectrum. These contributions consist of non-resonant S-wave, K * 0 P-wave, in addition to that of a tensor K * 2 (1430) 0 along with associated interferences. In order to properly disentangle so many contributions, the decay-time dependent fit incorporates the Kπ invariant mass as an observable. The Kπ invariant mass along with the associated fit is shown in Figure 3 . The dataset used for the analysis consists of 3 fb −1 of LHCb data collected in 2011 and 2012 [11] .
Time dependent CPV in the beauty sector 5
Bs -> KπKπ -pure penguins 17 amplitude analysis of B 0 s ! (K + ⇡ )(K ⇡ + ) decays using a K⇡ mass window that extends from 750 to 1600 MeV/c 2 , approximately corresponding to the region between the K⇡ production threshold and the D 0 ! K ⇡ + resonance. At the current level of sensitivity, the assumption of common CP -violating parameters for the contributing amplitudes
1 Throughout this article, charge conjugation is implied and K ⇤0 refers to the K ⇤ (892) 0 resonance, unless otherwise stated.
2 Hereafter the notation K⇡ will stand for both K + ⇡ and K ⇡ + pairs.
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LHCb 5000 5200 5400 5600 = 0.208 ± 0.032 ± 0.046, where the first uncertainty is statistical and the second one systematic. This confirms, with improved precision, the relatively low value reported previously by LHCb [14] . The first determination of the CP asymmetry of the (K + ⇡ )(K ⇡ + ) final state and the best, sometimes the first, measurements of 19 CP -averaged amplitude parameters corresponding to scalar, vector and tensor final states, are also reported. This analysis determines for the first time the mixing-induced CP -violating phase s using a b ! dds transition. The value of this phase is measured to be dd s = 0.10 ± 0.13 ± 0.14 rad, which is consistent with both the SM expectation [7] 18 0.10 ± 0.13 ± 0.14 | |
1.035 ± 0.034 ± 0.089
2.40 ± 0.11 ± 0.33 
3.00 ± The results of the CP-violation parameters, φ dds s and |λ|, are given in Table 3 . CP violation is consistent with the SM expectation. The analysis is dominated by systematic uncertainties, the largest contribution of which originates from the size of the simulation sample. Table 3 Values of the CP violation parameters determined from the polarisation-independent fit. The first uncertainty is statistical and the second systematic.
Parameter
Value
[ rad ] −0.10 ± 0.13 ± 0.14 |λ | 1.035 ± 0.034 ± 0.089
CP violation in B → hh decays
The measurement of CP violation in B → hh decays is a measurement of timedependent CP violation in both B 0 s and B 0 decays, as different mesons are the main contributors to different final states. The ππ final state is studied with B 0 decays and the KK final state with B 0 s decays. The B 0 → K − π + decay is used to understand the decay time acceptance and calibrate the incorrect flavour assignment probability. The fit to all final states simultaneously allows for mis-identified pions and kaons to be accounted for. The analysis used 3.0 fb −1 of data collected in 2011 and 2012 [16] . The results of the CP violation parameters defined in eq. 1 are shown in Table 4 . The significance for (C K K , S K K , A B 0 s C P ) do deviate from (0, 0, −1) has been determined from a χ 2 test statistic to be 4.0 standard deviations. This result constitutes the strongest evidence for CP violation in the B 0 s system to date. The PDF for the signal is set to take the form of Eq. 2 which is obtained by modifying Eq. 1 for wrong tagging and vertex resolution:
where R(∆t) is a convolved resolution function consisting of three components: the detector resolution for z CP and z tag vertices; the shift of z tag due to secondary tracks; and the kinematic approximation used in calculating ∆t from the vertex positions. These are determined using a large CP -conserving sample of semi-leptonic and hadronic B decays. For the background, which includes bothand BB, the PDF is modeled as a combination of two Gaussian functions and a delta function, as determined from the sideband regions 5.20 GeV/c 2 < M bc < 5.26 GeV/c 2 , −1.00 GeV < ∆E < −0.40 GeV and 0.20 GeV < ∆E < 0.50 GeV. τ B and ∆m d are fixed to world average values [24] . For the resolution function R(∆t), a broad Gaussian function is included to account for a small outlier component. The number of events within the three-dimensional region of M bc > 5.27 GeV/c 2 , −0.15 GeV < ∆E < 0.10 GeV and R s/b > 0.5 with vertices and flavor information is 964, and the purity is 11.4%. From fitting these events we obtain S = −0.92 The systematic uncertainties are summarized in Table I. Systematic uncertainties originating from vertexing opposite the CP side, flavor tagging, and fixed physics parameters, and tag-side interference [25] are estimated from studying the large statistic data sample of the B 0 → (cc)K 0 analysis [6] . Uncertainty from vertex reconstruction using K 0 S including the resolution function is estimated using large statistic control sample of B 0 → J/ψK 0 S decays. Fit bias is estimated by fitting a large number of signal MC samples and evaluating the resulting deviation compared to the input. For the PDF shape, the uncertainty is estimated using a smeared distribution. For parameters fixed in the fit, such as the signal fraction and background ∆t PDF, the uncertainties are estimated by varying these parameters by their errors and refitting; the resulting changes in S and A are taken as the systematic uncertainties. Including the systematic uncertainty, we determine that sin 2φ The PDF for the signal is set to take the form of Eq. 2 which is obtained by modifying Eq. 1 for wrong tagging and vertex resolution:
where R(∆t) is a convolved resolution function consisting of three components: the detector resolution for z CP and z tag vertices; the shift of z tag due to secondary tracks; and the kinematic approximation used in calculating ∆t from the vertex positions. These are determined using a large CP -conserving sample of semi-leptonic and hadronic B decays. For the background, which includes bothand BB, the PDF is modeled as a combination of two Gaussian functions and a delta function, as determined from the sideband regions 5.20 GeV/c 2 < M bc < 5.26 GeV/c 2 , −1.00 GeV < ∆E < −0.40 GeV and 0.20 GeV < ∆E < 0.50 GeV. τ B and ∆m d are fixed to world average values [24] . For the resolution function R(∆t), a broad Gaussian function is included to account for a small outlier component. The number of events within the three-dimensional region of M bc > 5.27 GeV/c 2 , −0.15 GeV < ∆E < 0.10 GeV and R s/b > 0.5 with vertices and flavor information is 964, and the purity is 11.4%. From fitting these events the errors tribution counts / 2.5 ps Fig. 4 M b c , ∆E and R s/b distributions (points with uncertainties) using signal-enhanced selections M b c > 5.27 GeV/c 2 , 0.15 GeV < ∆E < 0.10 GeV, and R s/b > 0.9 except for the variable displayed. The fit result is illustrated by the solid curve, while the total and BB backgrounds are shown by broken and dotted curves, respectively [13] . The solid red, dashed blue, and dotted green curves show the 1σ, 2σ, 3σ confidence contours, respectively. The red dot shows the fit result. The physical boundary S 2 + A 2 = 1 is drawn with a thin solid black curve. Our result is consistent with a null asymmetry within 2σ [12] .
2, and 3σ confidence contours of the S and A parameters are shown in Figure 5 . The result is consistent with null asymmetry within 2σ.
Measurement of cos(2β) using B 0 → D * h 0 decays
The first evidence for the resolution of the sign of cos(2β) has required the combination of 471 × 10 6 BB pairs collected with the BaBar detector and 772 × 10 6 BB pairs collected with the Belle detector [14] . The measurement of cos (2β) 
This then gives access to both sin(2β) and cos(2β), which are measured to be 0.80 ± 0.14 ± 0.06 ± 0.03 and 0.91 ± 0.22 ± 0.09 ± 0.07, respectively, where the first uncertainty is statistical, the second is systematic and the third is related to the choice of fit model. The significance of which cos(2β) is greater than zero is determined to be 3.7σ, representing the first evidence.
Summary
The most accurate single measurement of CP violation in B 0 s mixing has been presented along with an updated measurement of the weak phase in the B 0 s → φφ decay and the first measurement of the weak phase in B 0 s → K + π − K − π + decays using LHCb data. An LHCb analysis has also revealed the strongest evidence yet of CP violation in the B 0 s sector, measured from B 0 s → K + K − decays to be at the 4.0σ level. Two new decay time dependent measurements have been presented using data collected with the Belle detector, B 0 → K 0 S π 0 π 0 and B 0 → K 0 S ηγ. In addition, first evidence has been presented that cos(2β) > 0, with a significance of 3.7σ, potentially resolving the long standing ambiguity in the value of the CKM angle β.
